Abstract The continuous soybean-maize crop succession in the tropical region of Brazil has led to significant increases in the population size of root-knot (Meloidogyne incognita and M. javanica) and root-lesion nematodes (Pratylenchus brachyurus), which make soils unsuitable for soybean cropping. A greenhouse study was conducted to identify sunflower genotypes adapted to the tropical region of Brazil and that are resistant to M. incognita, M. javanica and/or P. brachyurus. Two experiments for each nematode were conducted in a completely randomized design with six replicates. Gall index was calculated from visual scores (0-5) of gall intensity on roots for the root-knot nematode. Initial and final population density and reproduction factor were also measured for each nematode. Sunflower genotypes varied in resistance to the nematodes. Sunflower hybrids BRS 321 and BRS 323 were resistant to M. javanica and P. brachyurus and exhibited low gall index for M. incognita. The cultivars are good alternatives to using in the succession of soybean in nematode-infested areas of the tropical regions of Brazil. No sunflower genotype was identified as resistant to M. incognita and thus sunflower cropping is not indicated in areas infested with this nematode.
In Brazil, soybean (Glycine max L.) is usually sown in October and November and harvested between January and March. The harvested area in the 2015/2016 growing season was approximately 33.1 million hectares (CONAB 2016) . In Central Brazil, it is common to grow a second crop in the summer, to optimize the use of machinery and the available manpower, resulting in increased profit for the farmer. Maize (Zea mays L.) is usually a good option as a second crop sown in February/March in a total area of 9.9 million hectares (CONAB 2016) .
The soybean-maize crop succession has led to significant increases in the size of populations of the root-knot (Meloidogyne incognita and Meloydogyne javanica) and root-lesion nematodes (Pratylenchus brachyurus), mainly in the tropics of central-western of Brazil Franchini et al. 2014) . Such increase is due to the ability of these nematodes in multiplying on both soybean and corn plants. Despite being an excellent host to these pathogens, the damage they cause on maize is little because most of the hybrids used in Brazil are tolerant. On the other hand, soybean is greatly affected by these pathogens. According to Franchini et al. (2014) , losses in soybean crops can reach up to 50 % in sandy soils with high populations of P. brachyurus.
The use of Crotalaria spectabilis or C. ochroleuca in succession or rotation with soybean has been the most effective measure for the control of root-knot and root-lesions nematodes in infested areas (Wang et al. 2002; McSorley et al. 2009 ). However, it is important to search for alternatives for the second cropping that contribute to nematode management and result in profit for farmers.
Sunflower (Helianthus annuus L.) cultivation is increasing in Brazil, with 111.5 thousand hectares in the 2015 season (CONAB 2016) . However, there is an enormous potential for expansion as a second summer crop in the country's tropical region, where seasonal climate conditions are suitable for its cultivation -rainfall (300-700 mm) and temperature (22 to 27°C) (INMET 2015; CONAB 2016) . The potential for expansion is also driven by a growing demand for special oils for human consumption, for example, high oleic oil, and the country's demand for biofuel (Grunvald et al. 2008 (Grunvald et al. , 2014 .
The effective control of nematodes depends largely on the use of resistant cultivars and crop rotation with a non-host plant (Rosa et al. 2013 ), but there is a lack of resistant genotypes that can be used as summer crops, especially to the rootknot nematodes. Sunflower cultivars that are adapted to the tropical region of Brazil and show good agronomic performance have been reported (Grunvald et al. 2008; Porto et al. 2008; Grunvald et al. 2014; Carvalho et al. 2015) .
Generally, assessments of host resistance are based on measures of reproduction by counting nematodes in the new generation. The counted nematodes may be the reproducing females or their progeny (in cysts, egg masses or even as next generation invasive stages) (Perry and Moens 2006) . The IAC Uruguai and Syn 045 sunflower cultivars resulted in a low increase or even reduction of P. brachyurus populations (Inomoto et al. 2006; Santana-Gomes et al. 2014) . Rosa et al. (2013) found resistance to M. javanica on IAC Uruguai. However, the resistance levels of sunflower cultivars to root-knot and root-lesion nematodes has not been studied in detailed. Therefore, this study aimed at identifying sunflower genotypes that are adapted to tropical regions of Brazil and resistant to M. incognita, M. javanica and/or P. brachyurus, and can be grown following soybean in root-knot and/or rootlesion nematode-infested areas.
Six experiments, two for each nematode, were conducted in the greenhouse at Londrina, Paraná State, Brazil, from March to May 2015. The temperature during this period ranged from 17 to 36°C. Each experiment was in a completely randomized design, with six replicates. Fourteen sunflower genotypes were selected for evaluation and included hybrids and open-pollinated varieties with high yield and adaption to the tropical region of the country (Grunvald et al. 2008; Porto et al. 2008; Grunvald et al. 2014; Carvalho et al. 2015) . Parental lines CMSHA BR 01, CMSHA BR 02 and RHA BR 01 were also used in the second experiment with M. javanica. Soybean genotypes were used as resistant and susceptible checks: lines PI 595099 (resistant to M. incognita and M. javanica), Embrapa 20 (susceptible to M. incognita, M. javanica and P. brachyurus), CD 202 (resistant to M. incognita and susceptible to M. javanica and P. brachyurus) and BRS Celeste (susceptible to M. incognita and P. brachyurus and resistant to M. javanica). In the experiment with M. javanica, a resistant sunflower cultivar, IAC Uruguai (Rosa et al. 2013) , was also included.
Inoculum of root-knot nematodes was obtained from pure populations of M. javanica and M. incognita multiplied in soybean Embrapa 20 (Doko RC) for about 60 days in the greenhouse. The population of M. incognita belonged to race 3 and was obtained from cotton plants. After this period, roots were carefully removed from the pots, washed with tap water to remove the adhering soil and, subsequently, grounded in a blender with sodium hypochlorite 0.5 % (Boneti and Ferraz 1981) for eggs and J 2 extraction. The resulting suspension was filtered through 200 and 500 mesh sieves. The retained material on the 200 mesh sieve was discarded and the eggs and J 2 recovered from the 500 mesh sieve were transferred to a beaker and then quantified under the optical microscope using Peter's slide. The concentration of the suspension was standardized to 1,250 eggs and J 2 /mL.
For P. brachyurus, a pure nematode population was multiplied in peanut (Arachis hypogaea) grown in the greenhouse for about three months. Thereafter, roots were collected, washed to remove the excessive soil and, subsequently, ground in a blender for extraction of juvenile and adult nematodes (Coolen and D'Herde 1972) . The resulting suspension was filtered through 60 and 500 mesh sieves and the nematodes were collected in a beaker. The suspension was standardized to 125 nematodes/mL.
Seeds of sunflower genotypes and soybean were sown in sand, and three days after the emergence, seedlings (one per pot) were transplanted to 1.0 L-clay pots, containing substrate constituted of a mixture of soil and sand (1:3), previously autoclaved. Two days after transplanting, each seedling was inoculated with 5,000 eggs and J 2 (root-knot nematode) or with 500 juveniles and adults (P. brachyurus). The inoculation was performed with the aid of an automatic pipette to insert the suspension of nematodes (4.0 mL) in a 2 cm deep hole open at the side of the seedling neck.
After 55 (root-knot nematodes) and 62 (root-lesion) days after inoculation, the aerial parts of the plants were cut and the root system of each plant was gently removed from the pot and washed with tap water to remove the adhering soil. For root-knot nematodes, the gall index (GI) was determined using a scale from 0 (absence) to 5 (maximum intensity) for the intensity of galls on roots. Differently from what was proposed by Taylor and Sasser (1978) , in this study the galls were not counted; the score was assigned based only on visual symptoms on the roots.
Subsequently, roots were cut into 2 cm pieces, and eggs and J 2 (root-knot nematode) and juveniles and adults (P. brachyurus) from each plant were quantified as previously described for the inoculum preparation. Based on the average nematode populations obtained from the different genotypes of soybean and sunflower, the reproduction factors (RF) of the respective nematodes were determined by the ratio between final population (FP) and initial population (IP) of nematodes (Oostenbrink 1966) .
The data for each of the variables (GI and FP for root-knot nematodes and FP for root-lesion nematode) were subjected to analysis of variance and means were compared by the ScottKnott test at 5 % probability, after checking the assumptions of normality and independence of errors and homogeneity of the residual variances of the model fitted for each experiment (Pimentel-Gomes 1985) . Cultivars were also classified for their reaction to root-knot and root-lesion nematodes, based on the resistant factor: RF < 1.0 = resistance and RF ≥ 1.0 = susceptible (Oostenbrink 1966 ).
Significant differences (P < 0.01) were observed among genotypes and for the genotype x experiment interaction factors for both M. incognita and M. javanica (Table 1) . Means of the variables differed among genotypes evaluated on each experiment based on the Scott-Knott test at 5 % probability (Tables 2 and 3 ). For M. incognita, sunflower genotypes CF 101 and BRS G43 showed the lowest gall index, in both experiments, followed by BRS 321 and BRS 323 (Table 2) . For FP, most genotypes showed gall index values similar to the soybean checks CD 202 (Experiment 1) and PI 595099 (Experiment 2). The lowest GI for M. javanica was found for BRS 321 and BRS 323 genotypes, similar to the soybean resistant check BRS Celeste, in both experiments (Table 3) . However, these sunflower genotypes showed lower FP.
The reaction of soybean and sunflower genotypes used as resistant checks for root-knots nematodes was not consistent with previous knowledge (Tables 2 and 3) . Soybean genotypes considered resistant to M. incognita (PI 595099 and CD 202) showed the lowest FP compared to the susceptible lines, but the RF values were > 1.0, typical of a susceptible reaction (Oostenbrink 1966) . For M. javanica, similar results were found for the resistant checks PI 595099 and BRS Celeste. Sunflower IAC Uruguai, previously reported as resistant (Rosa et al. 2013) , showed RF > 1.0 and also high FP, thus being classified as susceptible in this study.
The non-confirmation of resistance of soybean checks to M. incognita may be due to the use of different races of the pathogen. In our study, the population of M. incognita belongs to race 3 and it was obtained from cotton plants, in which races 1 and 2 do not multiply (Taylor and Sasser 1978) . The soybean resistance to this nematode can be race-specific as reported in okra (Abelmoschus esculentus L.) (McLeod et al. 1983) . Several accesses of okra resistant to race 3 of M. incognita reacted as susceptible when inoculated with race 1 (Fassuliotis 1985) . Races were still not described for M. javanica. Additional studies using different sources of inoculum will be needed.
The RFs of sunflower genotypes evaluated for M. incognita ranged from 16.5 (CF 101 and BRS 323) to 73.3 (NEON) ( Table 2) , which does not allow classifying them as resistant (Oostenbrink 1966) . However, CF 101, BRS G43, BRS 323, BRS 321 and MG 360 genotypes showed low GI ranging from 1.0 to 2.2, suggesting that, despite their ability to multiply the pathogen, the damage is low even at levels of infection that would lead to economic losses in other varieties.
Since the CF 101, BRS G43, BRS 323, BRS 321 and MG 360 genotypes allow M. incognita to reproduce, they are not suitable for planting in infested areas, especially following soybean, because nematode population density in the soil would build up for the next season. Sunflower reaction is very similar to that of maize (Asmus et al. 2000; Dias et al. 2010) . Although there are maize genotypes that can tolerate M. incognita damage, there are no sources of resistance in maize germplasm. In infested areas, growers should sow non-host species, such as C. spectabilis and C. ochroleuca, (Table 3) . Genotypes BRS 321, BRS 323 and RHA BR 01-A were classified as resistant (RF < 1.0) and the others were susceptible (RF ≥ 1.0) according to Oostenbrink (1966) . These resistant genotypes also presented low GI. Genotypes BRS 321 and BRS 323 are simple hybrids derived from crosses of the same male parent (RHA BR 01) with female parents CMSHA BR 01 and CMSHA BR 02, respectively. Results show that the resistance of these two hybrids was inherited from the male parent. However, despite having the same male parent, the multiplication of M. javanica in BRS 321 (RF = 0.2) was slightly lower than in the BRS 323 (RF = 1.1) ( Table 3) .
Considering the male parent RHA BR 01, plants phenotypically distinct with respect to plant height have been observed in the field. Plants with high height (RHA BR 01-B) showed GI (3.3) and RF (20.4) which were far superior to those presented by plants with low height (RHA BR 01-A) (GI = 1.0 and RF = 0.2) ( Table 3) . Differences in plant height can also be observed for both hybrids BRS 321 and BRS 323, suggesting the existence of withinhybrid genetic variability that reflected in different RF for M. javanica. Among BRS 323 plants, the presence of one plant with high height (RF = 3.4) increased mean RF to 1.1. All BRS 321 plants showed low height. It is likely that for both the male parent as hybrids BRS 321 and BRS 323, an association exists between the plant height and reaction to M. javanica. Plants with lower height tend to multiply less (lower RF). Sunflower breeding programs should not include the RHA BR 01-B line, which would result in hybrids with RF to M. javanica near zero and thus become an option for cultivation in infested areas.
The search for resistant genotypes is critical for plant nematode management, due to the difficulties to eradicate the pathogen associated with resistance mechanisms, which allow the eggs to remain viable for long periods in the soil. As they present parthenogenetic reproduction, which contributes to reducing genetic variability, sources of resistance to M. javanica tend to be more durable compared to nematodes with other types of sexual reproduction, such as Heterodera glycines (Taylor and Sasser 1983) . This increases the value of using a resistant male parent in sunflower breeding programs to produce root-knot resistant genotypes. Oostenbrink (1966) : resistant (R) (RF < 1.0) and susceptible (S) (RF ≥ 1.0)
As for P. brachyurus, significant differences in FP were observed (P < 0.01) among genotypes, but not for genotype x experiment interaction. Thus, FP means of the two experiments were compared based on a Scott-Knott test (Tables 1  and 4 ). All sunflower genotypes showed similar FP means, and generally lower than those obtained from soybean susceptible checks (Table 4) .
According to Oostenbrink (1966) , all tested sunflower genotypes were classified as resistant to P. brachyurus (Table 4) , since RF ranged from 0.1 (CF 101, BRS 321, BRS G43, Aguará 06 and NEON) to 0.5 (Syn 045). For susceptible soybean checks, RF scored 1.9 (Embrapa 20), 2.4 (202 CD) and 2.9 (BRS Celeste). Since sunflower genotypes originated from different breeding programs, thus representing a wide genetic variability, our data suggest that although it is not immune (RF = 0), sunflower is a poor host of P. brachyurus, corroborating previous reports (Charchar and Huang 1981; SantanaGomes et al. 2014) .
Presently, there is no soybean and corn cultivar resistant to root-lesion nematode, which explains the very high population size of P. brachyurus in the tropical region of Brazil. In sandy textured soils (< 15.0 % clay), soybean cultivation is not economically feasible (Franchini et al. 2014) . The most widely adopted strategy is to intercrop soybean with immune plant Oostenbrink (1966) : resistant (R) (RF < 1.0) and susceptible (S) (RF ≥ 1.0) species, such as C. spectabilis and C. ochroleuca, or unfavorable hosts of the nematode, such as some millet genotypes.
The replacement of Crotalaria by sunflower genotypes with RF close to zero (Table 4) for P. brachyurus may be economically advantageous for farmers and help to reduce the risk of nematode damage. In areas with dual infestation (P. brachyurus and M. javanica), a suitable alternative is to use high-yielding BRS 321 and BRS 323 sunflower hybrids, which are resistant to both pathogens and adapted to the tropics (Grunvald et al. 2008; Porto et al. 2008; Grunvald et al. 2014; Carvalho et al. 2015) . On the other hand, in areas infested with P. brachyurus and M. incognita, sunflower is not indicated since there is no sunflower resistant to the latter species. In summary, this study provides useful information on the reaction of sunflower genotypes adapted to tropical regions of Brazil to root-knot and root-lesion nematodes. Sunflower hybrids BRS 321 and BRS 323 are interesting options to crop in succession to soybean in areas with a dual infestation of P. brachyurus and M. javanica but not when M. incognita is present.
